Objective: To determine whether a novel endpoint of time to prerandomization monthly seizure count could be used to differentiate efficacious and nonefficacious therapies in clinical trials of new add-on antiepileptic drugs (AEDs).
Results: Perampanel 4-12 mg significantly prolonged median time to prerandomization monthly seizure count, generally by more than 1 week, compared with placebo, across all 3 studies, consistent with the original primary outcomes. Analysis of SG seizures only, and CP 1 SG seizures, also indicated a significantly prolonged median time to prerandomization monthly seizure count with perampanel 8 mg and 12 mg compared with placebo.
Conclusions: Time to prerandomization monthly seizure count is a promising novel alternative to the standard endpoints of median percent change in seizure frequency and 50% responder rates used in trials of add-on AEDs. Use of this endpoint could reduce exposure to placebo or ineffective treatments, thereby facilitating trial recruitment and improving safety. Phase III trials to evaluate add-on antiepileptic drugs (AEDs) in patients with partial-onset seizures usually involve a placebo-controlled randomized treatment phase lasting 12-24 weeks. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] While this traditional study design remains the gold standard, it requires many patients to receive placebo, or a possibly ineffective treatment, for long periods, discouraging patient participation. Therefore, novel approaches are needed that reduce placebo exposure while still providing evidence of treatment efficacy.
We consider a novel time-to-event endpoint, time to prerandomization monthly seizure count, which assesses how long it takes for each patient to reach the number of seizures that he or she typically experienced over 28 days prior to randomization. It was anticipated that if treatment had no antiseizure effect, patients would remain in a trial for an average of 28 days, but if seizure frequency was reduced, patients would continue treatment for longer. Conversely, if seizure frequency increased, then exit would occur sooner, as would be appropriate.
To determine whether this approach could differentiate efficacious and nonefficacious therapies in clinical trials of add-on AEDs, we performed a post hoc analysis of time to prerandomization monthly seizure count using data from completed phase III trials of perampanel. 10, 11, 14 Outcomes were compared with those previously obtained using the original study endpoints to Go to Neurology.org for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article. determine whether separation from placebo was consistent. Analyses were performed for all seizure types, as well as for secondarily generalized (SG) tonic-clonic seizures and complex partial plus SG (CP 1 SG) seizures, which are considered the most clinically severe seizure type and can be identified more objectively.
METHODS Overall phase III program. Data from 3 multinational, multicenter, randomized, double-blind, placebocontrolled phase III trials were used to evaluate the efficacy and safety of perampanel as an add-on therapy in patients with epilepsy who were experiencing refractory partial seizures: studies 304 (ClinicalTrials.gov identifier NCT00699972), 10 305 (NCT00699582), 11 and 306 (NCT00700310). 14 Eligible patients in these 3 trials were individuals aged 12 years or older who had a diagnosis of simple or complex partial-onset seizures, with or without secondary generalization. Furthermore, patients must have failed at least 2 AEDs within the past 2 years, have had at least 5 partial-onset seizures during the 6-week baseline period (with $2 partial seizures per each 3-week period and no 25-day seizure-free period in the 6-week period), and have been on a stable type and dose regimen of up to 3 approved AEDs.
The trials consisted of 4 study phases: a 6-week prerandomization baseline phase, a 19-week double-blind treatment phase (divided into a 6-week titration period and a 13-week maintenance period), and a 4-week post-treatment follow-up phase (figure 1). During the baseline phase, pretreatment seizure frequency was assessed in all patients. Eligible patients were then randomized to once-daily add-on treatment with either placebo or perampanel at different doses. More specifically, studies 304 and 305 evaluated perampanel at doses of 8 mg or 12 mg, while study 306 used doses of 2 mg (noneffective dose), 4 mg (minimally effective dose), or 8 mg. During the 6-week titration period, daily perampanel dose was uptitrated in 2-mg weekly increments until the randomized dose was reached. Then, during the subsequent maintenance period, patients underwent stable dosing and the efficacy of perampanel was evaluated. Patients who discontinued treatment during the maintenance period had a follow-up visit 4 weeks after stopping treatment to assess safety and efficacy.
Data on seizure frequency and seizure type were recorded in daily diaries maintained by the patients or caregivers. The primary endpoint for perampanel registration in the United States was the median percentage change in the frequency of all partial-onset seizures per 28 days in the double-blind phase compared with baseline, while the primary endpoint for perampanel registration in the European Union was the 50% responder rate (percentage of patients who had a 50% or greater reduction in the frequency of all partial-onset seizures in the maintenance period relative to baseline). Safety was assessed by reporting use of concomitant medication, type of adverse events experienced during the trial, whether a patient withdrew from the study due to adverse events, clinical laboratory results, vital signs, EKG data, physical and neurologic examinations, and photosensitivity and withdrawal questionnaires.
Standard protocol approvals, registrations, and patient consents. Trial protocols, amendments, and informed consent were reviewed by national regulatory authorities in each country and independent ethics committees or institutional review boards for each site. All patients gave written informed consent before participation.
Analyses to assess time to prerandomization monthly seizure count. Analyses were performed using the intent-totreat populations of the 3 phase III trials, with outcomes reported according to randomized treatment.
The individualized prerandomization monthly seizure count was defined as the average number of seizures that each patient experienced per 28 days prerandomization. The endpoint of time to prerandomization monthly seizure count was defined, for each patient, as the number of days until the patient experienced a number of seizures equal to prerandomization monthly seizure count, or the end of the study for cases in which the prerandomization monthly seizure count was not reached. Patients who discontinued the study before reaching the endpoint were censored at the time of withdrawal.
Kaplan-Meier analyses were conducted to estimate the median time to prerandomization monthly seizure count and 95% confidence intervals for each treatment group, for all partial-onset seizures, SG seizures only, and CP 1 SG seizures. Analyses were conducted over 2 time periods: (1) from 2 weeks after the first dose, when patients had reached steady state for the minimally Figure 1 Design of study 306
Studies 304 and 305 were based on similar designs, but with patients randomized to placebo or daily perampanel doses of 8 or 12 mg.
effective dose of 4 mg (referred to as the double-blind treatment phase analysis); and (2) from the start of the maintenance period, when patients had reached steady state for the highest dose of 12 mg (referred to as the maintenance period analysis).
The log-rank test was used to assess the significance of any differences in time to prerandomization monthly seizure count between the perampanel doses and placebo.
RESULTS Patient demographics and the original efficacy endpoints for studies 304, 10 305, 11 and 306, 14 including median percentage changes in seizure frequency and 50% responder rates, have been reported previously. The present analysis of time to prerandomization monthly seizure count included data from 378 patients who received placebo, perampanel 8 mg, or perampanel 12 mg for the treatment of partial-onset seizures in the double-blind treatment phase of study 304 (68 of these patients were censored); 374 patients who received placebo, perampanel 8 mg, or perampanel 12 mg in study 305 (56 patients censored); and 689 patients who received placebo, perampanel 2 mg, perampanel 4 mg, or perampanel 8 mg in study 306 (76 patients censored).
When all partial-onset seizures were included in the analysis, median time to prerandomization monthly seizure count for all partial-onset seizures was approximately 1 month in patients receiving placebo, as expected. With this seizure type, perampanel 4-12 mg significantly prolonged median time to prerandomization monthly seizure count by more than 1 week compared with placebo, over the double-blind treatment phase (from week 3) or the maintenance period, in all 3 studies (table 1) . In contrast, the median time to prerandomization monthly seizure count with the noneffective dose of perampanel 2 mg was not significantly different from that achieved with placebo over the double-blind treatment phase of study 306. This was consistent with the effects of these perampanel doses indicated by the original efficacy endpoints of median percentage changes in seizure frequency and 50% responder rates.
Analyses that included SG seizures only, or CP 1 SG seizures, also generally indicated a significantly prolonged median time to prerandomization monthly seizure count with perampanel 8-12 mg compared with placebo (table 2 and table e Neurology.org). Outcomes at the 2 mg and 4 mg doses did not achieve statistical significance. Kaplan-Meier curves for time to prerandomization monthly seizure count for all partial-onset seizures and SG seizures only, in the double-blind treatment phases (figure 2) or maintenance periods (figure e-1), of studies 304, 305, and 306, indicate the level of separation achieved among the treatment groups. DISCUSSION The traditional design of phase III trials of novel add-on AEDs, involving a long placebocontrolled randomized treatment phase, was developed decades ago, when only a handful of AEDs were available, and when patients with epilepsy often failed on all acceptable treatment options. However, nowadays, with more than 20 AEDs available, it is becoming increasingly difficult to enroll patients in placebo-controlled trials. In addition, trials of AEDs do not typically include stopping rules, whereby patients would exit a trial if their epilepsy worsened or did not improve, and, therefore, poor outcomes may not be adequately addressed. Notably, a post hoc analysis of several trials of add-on treatments demonstrated that patients randomized to placebo are at an increased (by many fold) risk of sudden unexplained death in epilepsy compared with patients randomized to an active arm. 18 Ultimately, it may no longer be reasonable to expect patients to accept the possibility of randomization to placebo for 3-4 months.
Time-to-event endpoints in trials of add-on AEDs are likely to reduce placebo exposure, reduce costs, and allow novel AEDs with therapeutic benefits to reach patients faster. This type of study design is not new to the epilepsy field, 19, 20 and has also been used in clinical trials investigating medications to control pain. 21 The withdrawal to monotherapy design, which is used to obtain a monotherapy indication, uses a time-to-event outcome whereby patients reach an endpoint based on clinically important seizure worsening. 22 A time to Nth seizure outcome has been proposed in the past, 23 whereby N is set at an arbitrary number (e.g., 1, 3, or 10) and patients exit the trial if they experience this number of seizures. However, although post hoc analyses have suggested that this approach is able to correctly identify efficacious treatments and shorten patient exposure to placebo, the estimated sample sizes required to run such a trial are large. This is presumed to be a result of the fact that patients have variable seizure frequencies: typically, patients must have $3-4 seizures/month to enter these trials, but the range could include up to 100 seizures/month. Therefore, if N is set at a specific number, patients with high seizure frequencies would exit rapidly, often before there was a chance for improvement. In contrast, an endpoint to evaluate time to individualized prerandomization monthly seizure count may avoid this scenario, and enable the enrolment of patients who might otherwise be excluded due to a low baseline seizure frequency; this could help to address the selection bias of previous time to Nth seizure studies. We analyzed data from 3 phase III trials of perampanel in order to explore the feasibility of time to individualized prerandomization monthly seizure count as a novel time-to-event endpoint for epilepsy trials. Compared with placebo, our analyses indicated that perampanel, at doses within the effective range of 4-12 mg, but not at the noneffective dose of 2 mg, significantly prolonged time to prerandomization monthly seizure count when all partial-onset seizures were included. This is a clinically relevant outcome, Figure 2 Probability of not achieving prerandomization monthly seizure count in the double-blind treatment phase Kaplan-Meier curves show probability, with 95% confidence limits (shading) and censored data points (vertical lines), for all partial-onset seizures and secondarily generalized seizures in the double-blind treatment phases of studies 304, 305, and 306.
since it directly relates to a reduction in seizure frequency: as an example, for a patient whose typical seizure frequency is 4 seizures per month, a time of 2 months to reach the prerandomization monthly seizure count of 4 would mean that seizure incidence has been at least halved. Our findings are consistent with previously reported efficacy findings for the separate and pooled phase III data, which indicated that perampanel 4-12 mg increased median percentage reduction in seizure frequency and 50% responder rates compared with placebo. 10, 11, 14, 24 Overall, the novel time to prerandomization monthly seizure count approach appears to properly differentiate efficacious and nonefficacious therapies.
In the analysis of different seizure types, the improvements in time to prerandomization monthly seizure count with perampanel were observed for all seizure types, including in patients with more clinically severe SG seizures, which can be more objectively assessed. This is again consistent with previously reported efficacy findings for the pooled phase III data, which indicated that the greatest benefits to seizure frequency and 50% responder rates were observed in patients with SG seizures. 24 However, improvements in time to prerandomization monthly seizure count with the perampanel 4 mg dose did not achieve statistical significance in patients with SG seizures only, or CP 1 SG seizures, suggesting that higher doses may be required in patients with these more severe seizure types. Nonetheless, it is particularly important to note that the perampanel 8 mg and 12 mg doses were associated with statistically significant improvements in time to prerandomization monthly seizure count in patients with SG seizures, despite the fact that only 38.2% of patients in our combined intent-to-treat analysis sets had SG seizures, and often at low frequency. This indicates that the new endpoint may have reasonable power, including for infrequently occurring seizures, since-for many standard endpoints-the low incidence of SG seizures often means that statistical significance is only achieved when data are pooled from several studies.
All 3 phase III trials used standard inclusion/exclusion criteria. Therefore, it is not possible to determine whether this trial design would still be successful if patients with different seizure characteristics had been enrolled (for example, clusters, longer interseizure intervals). In the future, performing post hoc analyses of other trials and modeling different characteristics would be useful for determining the robustness of this methodology.
The improvements in time to prerandomization monthly seizure count were seen whether patients were assessed over the maintenance period alone or over the whole double-blind treatment phase, from week 3, when patients had potentially reached steady-state plasma levels with the minimally effective dose of 4 mg. For future study designs, it will be necessary to establish a period of analysis in advance, which could be determined depending on the pharmacokinetic profile of the study drug, and the time required to reach an effective dose. It is anticipated that the methodology for future studies will be further informed by an ongoing study that is running simulations for patients according to their baseline seizure frequency. However, it is anticipated that future studies would maintain the current maximum duration of 3 months, and that the sample size would be similar to current trials in epilepsy.
If time to prerandomization monthly seizure count is accepted as a methodology going forward, it will be important to instruct clinicians on how to interpret the results in a clinically meaningful way. For example, if the median time to event is 3 months, it would mean that 50% of patients in the active arm continued in the study for 3 months. This could then be interpreted to state that 50% of patients had their seizure frequency reduced by at least two-thirds.
To integrate time to prerandomization monthly seizure count into the design of future studies, another important consideration would be the appropriate assessment of safety outcomes. The shorter duration of placebo administration that may be afforded by this novel endpoint will also lead to a shorter period for the collection of safety data in the control group. The implications of this, particularly with regard to the detection of adverse events that may be slower to emerge (for example, weight gain), should be considered, and extension studies would remain essential for the evaluation of long-term safety outcomes.
These data suggest that time to prerandomization monthly seizure count may be a potentially valuable new efficacy endpoint in clinical trials of novel AEDs, and warrant further examination by the epilepsy community and the regulatory agencies, as an alternative to traditional efficacy endpoints and study designs.
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